Radar entomology has developed such that routine long-term monitoring of insect flight through the atmospheric boundary layer is now practical. Typical entomological radars use X-band (9.4 GHz) marine transceivers with a vertical pencil beam and rotate the plane of polarization about the beam axis. Ideally, insect species and other parameters (mass, etc.) should be estimated from the measured radar cross-section variation with polarization angle. For this, a library of known insect crosssection polarization signatures is required. Two models are currently used to parameterize the polarization signature: the harmonic model and a model using the scattering matrix for symmetric targets (SM3).
Introduction
Radar entomology has become a practical long-term monitoring technique in the last decade [1, 2, 3] after gradual development since the 1970's. Radar's ability to monitor insect flight remotely is practically unique and provides valuable insights into insect behaviour, e.g. [4] . Current operational systems use a vertically pointing linearly polarized beam and marine X-band transceivers, and rotate the plane of polarization about the vertical axis at several Hz. The beam is slightly offset from the vertical axis (by 10% of the beamwidth typically) and scanned around the vertical at the same rate . The combination of modulations due to the beam motion and polarization rotation are used to measure the target's trajectory and radar cross-section (RCS) parameters (e.g. [5, 6, 7] 
Parameterizations of RCS Polarization Dependence
The scattering matrix (S) provides a complete description of the RCS linear polarization dependence for a fixed target aspect. The RCS (σ) is obtained by pre-and post-multiplying S by vectors corresponding to the received and transmitted polarizations:
The general form of S is 
This can be simplified significantly in practice to obtain the models used currently. First, the phase factor φ corresponds to range and is usually ignored. Second, since scattering from insects is linear, S must be symmetrical. A third simplification comes if the x or y axis lies in a plane of symmetry of the target since then the off-diagonal terms are zero. Applying the first two simplifications, equation 1 can be expanded and by grouping coefficients of the 2θ and 4θ terms leads to the "harmonic" form of the RCS polarization dependence equation as used by Aldhous [10] :
This is general and has become widely used. The a i and θ i can be derived from the components of S. A weakness of the harmonic model is that physically unrealistic values are possible for the coefficients a i and care is needed to avoid these [7] .
Applying the third simplification to S leads to a model which assumes symmetry, makes orientation (the rotation used to align axes with a symmetry plane) explicit, and ensures physical plausibility. This model is labelled "SM3", because of the three scattering matrix parameters used ( 2 = σ yy /σ xx ):
These models of polarization dependence allow the full variation to be captured with only 3-5 parameters. The harmonic model has five parameters, of which one (θ 1 ) is taken as the insect orientation. The SM3 model uses four parameters: θ 0 is identified explicitly as the orientation of the symmetry plane and the other three (σ xx , , β) define the target's RCS. The harmonic model parameters can be derived from the scattering matrix, and the SM3 model parameters can be obtained from either the scattering matrix or the harmonic model. For both models "orientation" can only be measured with an ambiguity of 180
• . The peak signal may be aligned with or perpendicular to the insect's body axis depending on its size relative to the wavelength [8] . Figure 1 shows the main equipment used. The CW X-band microwave source provides power to illuminate the target. A small fraction of the reflected power is collected by the feed-horn, and then separated from the outgoing power by the circulator and directed to the receiver. The directional coupler / attenuator / sliding short assembly is adjusted to provide a small reflected signal exactly in antiphase with any unwanted cross-coupling or reflections due to impedance mismatches or side-lobes. Null adjustment is delicate and typically remained stable for several minutes. The microwave parts and horn were contained in a box about 1.5 m square to protect them from draughts (and so ensure temperature stability). The rig was used outdoors in dry, calm weather with the horn aperture plane horizontal (the antenna beam was vertical upwards). This minimized unwanted reflections from objects other than the insect target being measured. The range from the feed horn to the target was 0.75 m, which is far enough (beyond the near-field) to ensure that the target receives plane wave illumination. The target, supported using thin nylon line close to the beam axis, was rotated about a vertical axis with the beam fixed. Care was taken to use live insect targets, anaesthetized using carbon dioxide gas to prevent movement during measurements.
Insect RCS Measurements and Data Analysis
A measurement cycle includes receiver nulling (no target), calibration (using a reference target), and measurement of the insect backscatter, followed by a final null check. Only data with no significant null drift were accepted. The measurements taken comprise 256 reflected power measurements for every 180
• rotation of the insect, repeated for 10 full rotations. The data stored were equivalent to mean and standard deviation of the backscattered power for the 20 samples taken at each of the 256 angle steps in 180
• . Full details of the experimental method are given in [10] .
Data Analysis
The data recorded after application of the receiver calibration consist of insect radar cross-section measurements as a function of polarization angle. From these, a least squares method was used to estimate the harmonic model parameters: these are recorded in Table 2 . Table 1 gives the key physical data for the insects (species, mass, and dimensions).
The SM3 model parameters were estimated from the harmonic parameters by a maximum-likelihood (Levenberg-Marquardt [11] ) method. A numerical method was used instead of an analytical solution because the maximumlikelihood approach is inherently suited to quantitative parameter uncertainty estimatation, and the algorithm could also be used directly on experimental data. Since the original data are no longer available, synthetic measurements were created using the harmonic model parameters. Measurement uncertainty was obtained from actual measurements for insects 22 and 26 of Tables 1 to  3 . For all other insects, the noise model (equation 6 below) was used (for RCS above 3.5 cm 2 the model had to be extrapolated beyond the calibration data). Care was taken to account correctly for the number of degrees of freedom when fitting the SM3 model to the synthesised data. Since no measurement uncertainty information is available in [9] , a standard least squares solution method is used for these data and no parameter uncertainties are reported.
Quantifying Measurement Noise
To assess the accuracy of fitted parameters it is necessary to have a model of the measurement noise. [10, Figures 4.3, 5.5] gives measurement uncertainties expressed as a fraction of the ADC output for two insect targets (insects 22 and 26 of Table 1 ). These fractional measurement standard deviations (δf = δn/n) are converted into equivalent RCS standard deviation (δσ) using the receiver calibration. The calibration is expressed as z = F (n) (n = F −1 (z) is its inverse) using z = log 10 (σ/cm 2 ) where n is the ADC output digital number. F −1 (z) and its derivative are evaluated numerically using calibration data.
Equation 5 was used to obtain measurement uncertainties (see Figure 2 ) for insects 22 and 26 of [10] . From these a general measurement uncertainty model (equation 6) has been developed. The model is conservative and therefore tends to overestimate the errors. Tables 1 and 2 list the insect data from [10] to which the SM3 model parameters have been fitted. Tables 4 and 5 list the source data used from [9] . The results of the SM3 model fitting are given in Tables 3 and 5 . As discussed above, SM3 parameter uncertainties (one standard deviation values) are only stated for the data of [10] , and then only when the fit of the SM3 model to the harmonic model is satisfactory. For insects 46-48, the degree of asymmetry in the reported RCS is too great for the SM3 model to give a good fit, and so no uncertainties are stated. Attempts have been made to relate the physical data to the RCS parameters using both formats. No simple, comprehensive relationships have yet been found although approximate mass estimates are possible (see [10, 12] ). The difficulty in interpreting the RCS parameters for these insects stems from the fact that their scattering at X-band (9.4 GHz) is generally in the Mie region. [12] presents the following equations suitable for estimating insect mass (m) from RCS parameters (σ xx , a 0 ) for different mass ranges. These empirical relationships are generally accurate to within a factor of 2 for insect masses from mg to g. Table 4 : Physical data and species of measured insects of [9] .
Results

Discussion and Conclusions
The results provide a valuable reference for work in radar remote sensing, especially radar entomology. Both models used (harmonic and SM3) have their strengths and should be used appropriately. Although care is required to quantify the measurement uncertainty, the added value of having quantitative parameter uncertainties when using the maximum likelihood methodology is a significant benefit, and in a fundamental sense is a necessary step for reliable interpretation of the fitted parameters.
The measurement methods used give good results, even with relatively simple equipment. In passing we note the ability of a co-polar measurement method [10] to obtain information about the cross-polar scattering terms -although an ambiguity cannot be resolved to give a complete measurement.
The results presented here usefully augment the insect RCS data in the formal open literature, and use parameterizations suitable for a wide range of applications. An area of potential ambiguity in practice is that the apparent orientation is ambiguous by 90
• with respect to swapping the x and y axes. The data here avoid this since the true orientations of the measured insects are known.
Insect Species
Areas of further work which would usefully build on these results are (1) publication of more measurements of insect RCS to extend the range of species represented, (2) modelling (e.g. of water ellipsoids) to help interpret these measurements, and (3) development of algorithms to determine the extent to which RCS parameters can be used to identify insects (noting recent work [13] which adds wingbeat frequency to the range of measurable parameters).
